Estrogen receptor α (ERα) plays an important role in the onset and progression of breast cancer, whereas p53 functions as a major tumor suppressor. We previously reported that ERα binds to p53, resulting in inhibition of transcriptional regulation by p53. Here, we report on the molecular mechanisms by which ERα suppresses p53's transactivation function. Sequential ChIP assays demonstrated that ERα represses p53-mediated transcriptional activation in human breast cancer cells by recruiting nuclear receptor corepressors (NCoR and SMRT) and histone deacetylase 1 (HDAC1). RNAi-mediated down-regulation of NCoR resulted in increased endogenous expression of the cyclin-dependent kinase (CDK)-inhibitor p21
Estrogen receptor α (ERα) plays an important role in the onset and progression of breast cancer, whereas p53 functions as a major tumor suppressor. We previously reported that ERα binds to p53, resulting in inhibition of transcriptional regulation by p53. Here, we report on the molecular mechanisms by which ERα suppresses p53's transactivation function. Sequential ChIP assays demonstrated that ERα represses p53-mediated transcriptional activation in human breast cancer cells by recruiting nuclear receptor corepressors (NCoR and SMRT) and histone deacetylase 1 (HDAC1). RNAi-mediated down-regulation of NCoR resulted in increased endogenous expression of the cyclin-dependent kinase (CDK)-inhibitor p21
Waf1/Cip1 (CDKN1A) gene, a prototypic transcriptional target of p53. While 17β-estradiol (E2) enhanced ERα binding to p53 and inhibited p21 transcription, antiestrogens decreased ERα recruitment and induced transcription. The effects of estrogen and antiestrogens on p21 transcription were diametrically opposite to their known effects on the conventional ERE-containing ERα target gene, pS2/TFF1. These results suggest that ERα uses dual strategies to promote abnormal cellular proliferation: enhancing the transcription of ERE-containing proproliferative genes and repressing the transcription of p53-responsive antiproliferative genes. Importantly, ERα binds to p53 and inhibits transcriptional activation by p53 in stem/progenitor cell-containing murine mammospheres, suggesting a potential role for the ER-p53 interaction in mammary tissue homeostasis and cancer formation. Furthermore, retrospective studies analyzing response to tamoxifen therapy in a subset of patients with ER-positive breast cancer expressing either wild-type or mutant p53 suggest that the presence of wild-type p53 is an important determinant of positive therapeutic response.
nuclear receptor corepressor | mammary epithelial cells | mammospheres | tumor suppressor protein | tamoxifen therapy C ells integrate multiple pathways to elicit responses to various signals, depending on the cellular context and tissue microenvironment. Estrogen receptor α (ERα) is a ligand-dependent transcriptional regulator that, when bound to estrogen response elements (EREs) on target gene promoters, regulates transcription via estrogen-dependent recruitment of steroid receptor coactivators (SRCs), such as SRC1, SRC2/DRIP1/TIF2/NCoA2/, and SRC3/AIB1/TRAM1/pCIP/RAC3/ACTR, followed by chromatin histone acetylation (1) (2) (3) . On the other hand, when antiestrogens such as tamoxifen are bound to ERα, various corepressors, including nuclear receptor corepressor (NCoR) and silencing mediator for retinoid and thyroid hormone receptors (SMRT), are recruited. This is followed by recruitment of histone deacetylases (HDACs), leading to transcriptional repression (4, 5) . ERα signaling plays an important role in many tissues, including the mammary gland, where its expression is required for normal gland development and the preservation of adult mammary gland function. When deregulated, ERα becomes abnormally proproliferative and greatly contributes to the onset and progression of breast cancer (6, 7) .
Similar to ERα, tumor suppressor p53 also plays a central role in many cellular processes, such as cell cycle regulation, apoptosis, senescence, and differentiation (8) (9) (10) . Although these functions of p53 are essential to maintain normal cellular homeostasis, if left uncontrolled, they can lead to deleterious consequences. As such, mutations in the p53 gene and aberrations in the p53 signaling pathway pave the way to tumorigenesis (11) . Extensive research over the past two decades has placed p53 at the hub of a very complex network of signaling pathways that integrate a variety of intracellular and extracellular inputs. It is becoming increasingly clear that the opposing effects of various components of the p53 signaling network must be carefully balanced to correctly regulate p53 function and induce the appropriate cellular response (11, 12) . One such modulator of p53 signaling is ERα. We have reported that in ER-positive human breast cancer cells, as well as in a mouse xenograft model, ERα binds to p53 and represses its transcriptional function (13) (14) (15) , resulting in inhibition of p53-mediated cell cycle arrest (14) and apoptosis (15) .
Compared with many other cancer types, p53 mutations are not very frequent in breast cancer. Approximately 80% of breast cancers express wild-type p53. Moreover, 70-80% of breast cancers are also ER-positive, and the majority of these express wild-type p53, albeit functionally debilitated. Interestingly, most ERα-negative breast tumors express mutant p53 (16) (17) (18) . Therefore, it is likely that abrogation of the p53 signaling pathway is a major event in both ERα-positive and -negative tumors; in the former, wild-type p53 is functionally repressed by ERα, and in the latter, p53 is inactivated by mutations. ERα is the primary target of endocrine therapy in breast cancer. However, a major clinical obstacle is that a large fraction of patients with ERα-positive breast tumors do not respond to tamoxifen therapy (19) (20) (21) . The presence of wild-type p53 has been reported to have a positive impact on the therapeutic response and prognosis of breast cancer patients (17, (22) (23) (24) .
However, the cellular and molecular mechanisms by which p53 influences endocrine therapy efficacy remain elusive.
Recent progress in the identification and characterization of normal and tumor stem and progenitor cells in murine and human mammary gland tissue has triggered an intense effort to explore the mechanisms that regulate the balance between symmetric and asymmetric division of these cells (25, 26) . Disabling p53 increases stem cell production by favoring symmetric division over asymmetric division, suggesting an important role for p53 in mammary tissue homeostasis and cancer formation (25) . Importantly, a fraction of mammospheres derived from normal murine and human mammary tissue and breast cancer tissue display stem/progenitor cell characteristics and express ERα (27) (28) (29) . However, whether ERα disables wild-type p53 in these cells remains to be elucidated.
In the present study, we examined the mechanisms by which ERα binds to p53 on p53 target gene promoters and represses p53-mediated transcriptional activation. We provide evidence that ERα recruits corepressors when bound to p53 and show that the ERα-p53 interaction is relevant to normal mammary stem cell regulation and to breast cancer patient response to antiestrogen therapy.
Results

p53-Bound ERα Recruits Transcriptional Corepressors and HDAC1 to the p21
Waf1/Cip1 (CDKN1A) Gene Promoter. We have previously demonstrated that ERα binds to p53, leading to functional repression of p53 transcriptional activity (13) (14) (15) . To explore the mechanisms by which ERα inhibits p53-mediated transcriptional activation of the p21 gene, a prototypic p53-target gene, we performed conventional and sequential site-specific ChIP assays to analyze whether ERα recruits corepressors to the p53-binding site of the p21 promoter. For sequential ChIP assays, chromatin from human MCF-7 breast cancer cell extract was immunoprecipitated using anti-p53 antibody, reimmunoprecipitated a second time with anti-ERα antibody, and reimmunoprecipitated a third time with antibodies against NCoR, SMRT, RIP 140, or HDAC1. NCoR and SMRT were found in a complex with ERα and p53 on the p21 promoter; however, the amount of RIP 140 in the complex was very low, reflecting low levels of this corepressor in the complex or a relatively weak antibody (Fig. 1A) .
Importantly, HDAC1 was present in the p53/ERα/NCoR/SMRT complex on the p21 promoter (Fig. 1A) . NCoR, SMRT, and HDAC1 were not recruited to the p21 promoter when ERα was knocked down, suggesting that ERα is required for their recruitment (Fig. 1B) . ERα knockdown did not affect NCoR, SMRT, or HDAC1 protein expression levels (Fig. 1C) but, as expected, resulted in the loss of ERα on the promoter (Fig. 1D) , further supporting the role of ERα in recruiting the corepressors and HDAC1 to the p21 promoter. Treatment with E2 enhanced the recruitment of HDAC1 and NCoR to the p21 promoter but did not affect SMRT recruitment (Fig. 1E) . Furthermore, knocking down NCoR resulted in transcriptional activation of an exogenously transfected p21 promoter plasmid (Fig. 1F) and increased endogenous expression of p21 mRNA and protein ( Fig. 1 G and H) . Collectively, these data suggest that ERα-mediated inhibition of p53 transcriptional activity is NCoR-dependent. Furthermore, the importance of NCoR in the ERα-p53 repressor complex is strengthened by the finding that, although the ERα-L539A mutant is capable of accessing the p53 target promoter via p53 (Fig. S1B) , it is defective in repressing p53 (14) , as this mutant is less efficient in recruiting NCoR compared with wild-type ERα (Fig. S1C) .
Effects of Estrogen and Antiestrogens Cofactor Recruitment and Transcription of the p53 Target Gene p21 Are Diametrically Opposite to Their Effects on the ERE-Containing ERα Target Gene pS2. We previously observed that ionizing radiation (known to affect the posttranslational modification and activation status of p53) disrupts the ERα-p53 interaction (13, 14) . Therefore, we wanted to explore whether estrogens or antiestrogens, which bind to ERα and modulate ERα function, affect ERα's ability to bind to p53. Indeed, quantitative ChIP (qChIP) analysis showed that E2 treatment increased ERα binding to the p21 promoter, whereas tamoxifen and fulvestrant (ICI 182780) disrupted the interaction ( Fig. 2A) . These effects were not caused by changes in p53 or ERα protein levels following E2 and antiestrogen treatment (Fig. 2B) . A time-course experiment in MCF-7 cells showed that E2 repressed endogenous p21 transcription, whereas tamoxifen and fulvestrant increased p21 transcription (Fig. 2C) . Importantly, when measured in parallel by quantitative real-time PCR (qPCR) in the same cells, both E2 and antiestrogens elicited diametrically opposite effects on transcription of pS2/TFF2, a prototypic ERE-containing ERα target gene (Fig. 2D ), compared with their effects on p21 transcription. Therefore, we tested whether these opposite effects on p21 and pS2 gene transcription were caused by differential recruitment of ERα, corepressors, or coactivators to the p21 and pS2 gene promoters. Although p53 recruitment to the p53 binding site of the p21 promoter was not considerably affected by E2 or antiestrogens, ERα recruitment was enhanced by E2 and reduced by antiestrogens (Fig. 3A) . However, in the case of the pS2 promoter, E2 enhanced ERα binding to the ERE in both the presence and absence of antiestrogens, as expected (Fig. 3A) . Similarly, recruitment of NCoR to the p21 promoter has a pattern different from that of its recruitment to the pS2 promoter. E2 enhanced NCoR recruitment to the p53 binding site of the 21 promoter, whereas tamoxifen and fulvestrant increased NCoR recruitment to the ERE site of the pS2 promoter (Fig. 3B) . Interestingly, neither coactivator SRC1 nor SRC2 was recruited to the p21 promoter in the presence of E2; however, as expected, both were recruited to the pS2 promoter (Fig. 3C ). These observations suggest that besides regulating ERE-containing target genes, ERα can also effectively regulate p53 target genes by influencing the transcriptional function of p53 (Fig. 3D) . Interestingly, repression of p53-mediated transcriptional activation by ERα appears to be gene-selective, as it fails to repress some p53 target genes tested, suggesting the importance of promoter context (Fig. S2 ).
ERα-p53 Interaction Exists in Mammary Stem Cells. Mammary epithelial stem cells (SCs) are considered to be primary targets in the onset and progression of breast cancer, and several recent reports demonstrate that p53 is a key regulator of stem cell division (26) . Although activation of wild-type p53 in breast cancer stem cells (CSCs) has been reported to reverse this process (25) , the causes of p53 inactivation remain unclear. Mammary epithelial cells form spherical colonies termed "mammospheres" when cultured on nonadherent surfaces, and these mammospheres are enriched in cells with functional characteristics of stem/progenitor cells (30) . To test whether ERα suppresses wild-type p53 in mammospheres, we derived mouse mammospheres (25, 31) from mammary epithelial cells isolated from C57BL/6 ERα fl/fl mice (32) (Fig. S3A ). Compared with mouse mammary epithelial cells, the mammospheres expressed very high levels of Sca-1, but relatively low levels of cytokeratin 14, cytokeratin 18, E-cadherin, and integrin α 6 (Itga6) (Fig. 4A) . The expression pattern of these markers is a characteristic of cultured murine mammospheres capable of repopulating the entire mammary gland (33) (34) (35) . As the mammospheres also expressed both p53 and ERα (Fig. 4B) , we used micro-ChIP assays to analyze whether ERα and p53 cooccupy the p53 binding site of the p21 promoter and whether ERα occupancy suppresses p21 transcription in these cells. Indeed, as is the case with MCF-7 cells, ERα binds to the p53 site of the p21 promoter but not to a nonspecific (NS) site without any p53-binding sequence (Fig. 4C) . Subsequent deletion of the floxed ERα gene using Cre-recombinase-expressing lentivirus resulted in a decrease in ERα transcript levels and a considerable increase in p21 levels, suggesting that loss of ERα induces p53 activity in stem cell-containing mammospheres (Fig. 4D) .
Importance of p53 Status in the Response of ER-Positive Breast
Cancer Patients to Tamoxifen Therapy. Based on the data obtained from our cell culture models and mouse xenograft studies (13) (14) (15) , we postulated that one of the determinants for responsiveness to antiestrogen therapy could be the ability of antiestrogens to reactivate p53 by disrupting the ERα-p53 interaction. To test The effects of estrogen and antiestrogens on p21 and pS2 transcription, respectively, in MCF-7 cells, as assayed by qPCR (value = mean ± SD; *P < 0.05; ***P < 0.001). this hypothesis, we analyzed the p53 status of 35 ER-positive tamoxifen-treated breast cancer cases and 36 ER-negative cases (Table S1 ) with a clinical follow-up of up to 176 mo. Because only mutant p53 protein is usually detectable in clinical samples, we used positive protein detection by immunohistochemical analysis to determine mutant p53 status. Importantly, none of the 17 patients whose overall survival (OVS) was positively impacted by tamoxifen treatment had detectable mutant p53 protein in their tumors (in other words, their tumors expressed wild-type p53), whereas among the 18 ER-positive patients who did not respond to tamoxifen therapy, 7 (39%) had tumors expressing mutant p53. Thus, the OVS of patients with ER-positive breast cancer under tamoxifen treatment was significantly influenced by p53 status (P = 0.007) (Fig. 5A) . Multivariate analysis by Cox regression model revealed that p53 is a stable predictor of OVS in ERpositive patients [P = 0.012; relative risk 5.4; 95% confidence interval (CI) 1. 45-20.76 ]. In contrast, mutant p53 was not a predictor for OVS in patients with ER-negative tumors, for whom tamoxifen is not a standard treatment (Fig. 5B) .
Discussion
A strong relationship of estrogen signaling and ER with p53 has been documented (16, 18, (36) (37) (38) (39) (40) (41) , and we have reported that ERα and p53 physically interact, leading to inhibition of p53 function in cell culture and xenograft models (13) (14) (15) 
p53 function by recruiting NCOR, SMRT, and HDAC1. In addition to our earlier observation that p53 is necessary for recruitment of ERα to the p21 gene promoter (14) , the data presented here show that ERα is necessary for the recruitment of corepressors and HDAC1, as none of them could be detected on the p53-binding site of the p21 gene promoter when ERα was knocked down. These observations, along with the fact that ERα, NCoR, SMRT, and HDAC1 were detected on the p21 promoter in a sequential ChIP assay starting with p53 antibody, strongly suggest that p53, ERα, NCoR, SMRT, and HDAC1 coexist in a single complex on the p53-binding site(s) of the human p21 promoter. The functional significance of NCoR recruitment was ascertained by the observation that transcription from an exogenously transfected p21 promoter reporter and the endogenous p21 gene were both increased when NCoR was knocked down. Furthermore, the ERα-L539A mutant, although capable of interacting with promoter-bound p53, had reduced ability to recruit NCoR to the ER-p53 complex and, therefore, was less efficient in repressing p53's transcriptional activity. Notably, ERα-L539A, which is also deficient in recruiting coactivators and incapable of activating transcription of ERE-containing target genes in the presence of E2, was capable of activating the endogenous ERα-target gene pS2 in the presence of antiestrogens (42) .
Similar to NCoR, HDAC1 appears to be playing an important role in the p53/ERα/NCoR/SMRT/HDAC1 complex. HDAC1 binds to p53 and down-regulates its transactivation function, and this inactivation is largely dependent on the 30 C-terminal residues of p53 (43) . Interestingly, this same region of p53 has been mapped as the domain that interacts with ERα (14) . As HDAC1 can directly bind to ERα (44), ERα may be facilitating HDAC1 binding to p53, which in turn could lead to deacetylation and inactivation of p53. In addition to repressing p53 function by recruiting corepressors and HDAC1, the possibility that ERα recruits other HDACs or prevents recruitment of p53 coactivators remains to be tested. Of note, HDAC1 was reported to antagonize p53 via Sp1 in regulating p21 transcription (45) . Furthermore, HDAC1 and HDAC2 act in concert to repress the expression of p21 and p57 and promote G1 to S phase progression in mouse embryonic fibroblasts in vitro and B cells in vivo (46) .
The effects of E2 and antiestrogens were diametrically opposite on p21 (prototypic p53-target gene) transcription versus pS2 (prototypic ER-target gene) transcription. E2 repressed p21 transcription, whereas E2 increased pS2 transcription, as expected. Consistent with this, E2 enhanced ERα and NCoR recruitment to the p21 promoter, whereas both tamoxifen and fulvestrant decreased ERα and NCoR recruitment. Similar to the p21 case, E2 enhanced ERα recruitment to the pS2 promoter, although the transcriptional response was opposite; both tamoxifen and fulvestrant enhanced p21 transcription but reduced pS2 transcription. These observations led us to propose a model for ERα function (Fig. 3D) . We propose that when bound to p53 on p53 target gene promoters, ERα recruits corepressors in the presence of estrogen to repress transcription. Antiestrogens, on the other hand, disrupt ERα-p53 interaction thereby alleviating transcriptional repression. This is in addition to what has been previously reported: when bound to the ERE of ER target genes, ERα recruits coactivators in the presence of E2 to activate transcription, whereas it recruits corepressors in the presence of antiestrogens to repress transcription (47, 48) . Collectively, these findings suggest dual roles for ERα in promoting breast tumorigenesis: ERα increases the transcription of ERE-containing proproliferation genes and also counteracts p53's ability to activate antiproliferative p53 target genes (such as p21, BTG2, and PUMA) and to repress proproliferative p53 target genes (such as survivin). Our previous finding that ERα represses both p53-mediated activation of p21 (14) and p53-mediated repression of survivin (15) is consistent with this model. HDAC1 and HDAC4, but not SRC1 or SRC3, are recruited to the ERα-p53 complex on the survivin promoter, leading to inhibition of p53-mediated transcriptional repression (15) . As repression of p53-mediated transcriptional activation by ERα appears to be gene-selective, promoter context likely determines the formation and/or functional consequences of the ERα-p53 complex. This is consistent with the importance of promoter context in transcriptional outcome in general (49) and in protein-protein interactions involving p53 (50) . We observed that ERα antagonizes p53-dependent transcriptional regulation of p53 target genes by physically binding to promoter-bound p53 on p53 response elements; however, it has also been reported that ERα and p53 (wildtype or mutant) bind to EREs and p53 response elements, respectively, to cooperatively enhance FLT1 transcription (40) . The combined results of these studies highlight the complexities of ER-mediated regulation of p53 transcriptional activity and suggest that such regulation is highly context-dependent. It is likely that cooperation of ERα with p53 in cis (40) and physical interaction of ERα with p53 (resulting in repression of p53 function) (13) (14) (15) are both dependent upon the target genes and signaling context. Moreover, we have not ruled out the possibility that on certain EREcontaining genes and some p53 target genes, p53 may repress ER function. Alternatively, in some cases, physical interaction between ERα and p53 may result in activation of either ER or p53. Another intriguing possibility is a potential role for the ERα-p53 interaction in the "gain of function" by certain p53 mutants. Future experiments should address these plausible and interesting scenarios.
Our micro-ChIP data show that ERα and p53 are expressed in stem cell-containing murine mammospheres and that they interact with one another, resulting in inhibition of p53's ability to activate p21 transcription. It is likely that normal signaling mechanisms operating to regulate the ERα-p53 interaction in mammary SCs could be disrupted in breast CSCs, favoring predominance of ERα over p53 and symmetric over asymmetric cell division, thereby leading to abnormal proliferation.
The conventional understanding of the genomic ERα signaling pathway is that antiestrogens block estrogen from binding to ERα, cause ERα to recruit transcriptional corepressors, and lead to transcriptional repression of ER target genes. Here we show that the antiestrogen tamoxifen can also disrupt the ERα-p53 inhibitory complex, resulting in reactivation of p53. This raised the possibility that the latter function of tamoxifen could be one of the determinants of response of ER-positive breast cancer patients to tamoxifen therapy. Indeed, results from our pilot retrospective analysis of clinical OVS data of tamoxifen-treated patients are consistent with studies on other patient cohorts (17, (22) (23) (24) and support the idea that ER-positive breast cancer patients whose tumors express wild-type p53 (as opposed to mutant p53) will be more responsive to tamoxifen therapy, as tamoxifen will disrupt the ERα-p53 interaction, thereby reactivating p53. A prospective clinical trial to directly verify this possibility is underway. Based on our results, future studies on the ER-p53 interaction should provide insight into its role not only in normal mammary gland development and breast cancer but also in other tissues and cancers where ER and p53 are expressed and may have preventive and therapeutic implications.
Materials and Methods
Cell Culture. MCF-7 and Saos2 cells were maintained in DMEM supplemented with 10% FBS (Invitrogen) or in DMEM media containing 10% dextran-coated charcoal-treated FBS at 37°C under 5% CO 2 .
Antibodies, Drugs, and Western Analysis. Antibodies were obtained from the following companies: anti-p53 (DO-1), -ERα (HC-20), -p21, -SMRT, -RIP140, -SRC1, -SRC3, -cytokeratin-14, and -LamininA/C antibodies, and normal rabbit and mouse serum from Santa Cruz; anti-NCoR and -HDAC1 from Upstate Biotechnology; and anti-β-tubulin and β-Actin (A2066) from Sigma-Aldrich. 17β-estradiol and 4-hydroxytamoxifen were purchased from Sigma-Aldrich, and ICI 182780 was purchased from Tocris Bioscience. Cell lysates were analyzed on SDS/PAGE gels, followed by Western blotting with antibodies against various proteins, as noted in the figure legends. Specific proteins were detected by the enhanced chemiluminescence method (Amersham Biosciences).
Plasmids and siRNAs. The −1265 PCNA-luc has been previously described (14) . PRc/CMV hp53 and −2326 p21-luc were generous gifts from A. J. Levine (Institute of Advanced Study, Princeton, NJ), and W. El-Deiry (University of Pennsylvania School of Medicine, Philadelphia, PA), respectively. The pCR3.1-based hERα expression plasmids (ER wild-type; ER L539A) were from C. Smith (Baylor College of Medicine, Houston, TX). The pCR3.1/p53 construct was generated by cloning full-length p53 cDNA (HindIII and XbaI fragment) from the pRc/CMV hp53 plasmid into the pCR3.1 vector. NCoR (pKD-v2) and control (pKDNegCon-v1) shRNA plasmids were purchased from Upstate Biotechnology. The p53 and ERα siRNAs (SMARTpools) were obtained from Dharmacon. . The total amount of transfected DNA was kept constant by the addition of empty plasmid. After 24 h, cells were harvested and lysed, and luciferase activity was measured using the Luciferase Reporter Assay System (Promega).
qPCR. Total cellular RNA was isolated using the Absolutely RNA Miniprep kit (Stratagene). Up to 1 μg of total RNA from individual samples was reverse transcribed in 20 μL of reaction using the iScript cDNA synthesis kit (Bio-Rad). One microliter of the resulting cDNA was used in a total volume of 25 μL of PCR; qPCR was performed on an ABI Prism 7300 sequence detection system with SYBR Green PCR Master Mix (Bio-Rad) using specific primers. Relative mRNA levels or DNA levels (in the case of qChIP) were calculated using the ΔΔCt method. For mRNA analysis, β-actin mRNA was used as an endogenous control. p53 binding to the p21 promoter was used to normalize q-ChIP. Primer sequences for qPCR are described in SI Materials and Methods.
ChIP, qChIP, Sequential ChIP, and Micro-ChIP. ChIP assays were performed as described previously (14, 15) . For qChIP, DNA in the final step was analyzed by qPCR. For sequential ChIP assays, cell lysates were initially incubated with anti-p53 antibody, and the immunocomplexes were eluted at 37°C for 30 min in rechip buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-HCl, pH 8.1), followed by incubation with anti-ERα antibody. Secondary immunocomplexes were eluted in rechip buffer and incubated with antibodies against NCoR, SMRT, RIP140, and HDAC1. Final immunocomplexes were eluted in elution buffer (500 μL 1% SDS, 0.1 M NaHCO 3 ) and processed for DNA analysis. Micro-ChIP was performed essentially as described (51) with some modifications. Additional details and primer sequences are described in SI Materials and Methods.
Generation of Primary Murine Mammary Epithelial Cells and Mammospheres.
Primary mammary epithelial cells and mammospheres were prepared from 9-to 12-wk-old virgin female mice. Murine mammospheres were generated by adapting previously described methods (25, 31) . Details are in SI Materials and Methods.
Lentiviral Transduction of Mammospheres. Murine mammospheres were transduced with Cre-recombinase lentivirus at 1 × 10 7 TU/mL or multiplicity of infection (MOI) 1 on day 4 of their growth and harvested on day 6 for subsequent molecular analysis. Cre-recombinase lentivirus was prepared as described in SI Materials and Methods.
Analysis of Clinical Breast Cancer Samples. Files of patients with breast cancer (surgery performed 1986 through 1988) were retrieved from the surgical pathology archives at the Dr. Margarete Fischer-Bosch-Institute. Seventy-one breast cancer cases were selected for the study. Breast cancer diagnosis was confirmed with hematoxylin and eosin staining of paraffin-embedded tissue sections. Immunohistochemical analyses for ERα and p53 statuses were performed on 3-μm sections using Dako clone 1D5 and clone DO-7 antibodies, respectively, in a DAKO autostainer with ChemMate En Vision K5007 (Dako Cytomation). Slides were evaluated by an expert pathologist who was blinded to the clinical information. Statistical analysis was performed using SPSS software version 12.1. Univariate survival analysis was by the KaplanMeier method, and multivariate survival analysis was calculated by the Cox proportional hazard model. Associations between ER status and clinical parameters were assessed by χ 2 test. All P values resulted from two-sided tests and were considered significant when P < 0.05.
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SI Materials and Methods
ChIP Assay. ChIP assays were performed on MCF-7 and Saos2 cells using the ChIP kit from Upstate Biotechnology as per the manufacturer's instructions with minor modifications. Chromatin was cross-linked using 1.5% formaldehyde for 10 min at 37°C, and the cells were collected after two washings with PBS-containing protease inhibitor mixture. Mammospheres. Primary mammary epithelial cells and mammospheres were isolated from 9-to12-wk-old virgin female C57 BL/6 ERα fl/fl mice according to previously described methods, with some adaptations (1, 2) . Briefly, mammary glands were excised, washed with DMEM/F-12 medium, minced with a sterile scalpel, and placed in digestion medium (DMEM/F-12) supplemented with 200 U/mL collagenase A (Roche) and 100 U/mL hyaluronidase (Sigma) for 1 h at 37°C. Cell suspensions were centrifuged at 450 × g, washed 6-10 times with DMEM/F-12 medium, and trypsinized with 0.05% Trypsin/0.53 mM EDTA for 20 min at 37°C. The trypsinized cells were rescued in DMEM/F12 medium, centrifuged at 450 × g, and treated with DNase (2 U/mL in DMEM/F12 medium) for 2 min. DNase-treated cells were rescued in DMEM/F12, centrifuged at 450 × g, and washed again with DMEM/F12, before being sieved through 100-and 40-μm meshes. The resulting cells were seeded on ultralow attachment plates (Corning) to obtain mammospheres and on normal cell culture plates to obtain primary epithelial cells. Mammospheres and primary epithelial cells were maintained in serum-free MEGM (BioWhittaker), supplemented with B27 (Invitrogen), 20 ng/mL bFGF (Invitrogen), and 4 μg/mL heparin (Sigma) and were grown for 6 d before experimental analysis.
Micro-ChIP. Micro-ChIP assays were performed on murine mammospheres essentially as described (3) with some modifications. Briefly, murine mammospheres were dissociated using TrypLE (Invitrogen), and the cells were cross-linked with 1.5% formaldehyde for 10 min at 37°C. The cross-linking was stopped with 125 mM glycine. After washing twice with ice cold PBS/ butyrate, the cells were lysed in lysis buffer (50 mM Tris-HCl, pH 8, 10 mM EDTA, 1% SDS, protease inhibitor mixture, 20 mM butyrate) and sonicated in a Misonix sonicator. The sonicated lysate was diluted eightfold in RIPA buffer containing 20 mM butyrate, precleared with Dyna beads (Invitrogen) for 2 h at 4°C, and split into four portions: one was used for control input and the other three were incubated with IgG, p53, and ERα antibodies overnight. The pull down was performed for 3 h at 4°C by adding 20 μL of Dyna beads to each tube. After immunoprecipitation, the beads were washed five times sequentially with low salt, high salt, lithium chloride, and TE (Tris, 10 mM and EDTA, 1 mM) buffers.
The following primers were used for analysis of ChIP DNA by semiquantitative PCR: The following primers were used for experiments performed on murine mammary epithelial cells and murine mammospheres: Clinical and pathological details of the breast tumors analyzed for p53 mutation were compared according to their ER status. All parameters except the PR status were well matched between the two study groups. n = number of cases. *Not available from all patients.
